Abstract-CYP4A11 oxidizes arachidonic acid to 20-hydroxyeicosatetraenoic acid, a metabolite with renovascular and tubular function in humans. A previous study demonstrated a significant association between the CYP4A11 gene polymorphism and hypertension; however, the precise mechanism of the association has not been clarified. To assess the involvement of CYP4A11 in the pathogenesis of hypertension, we sought to identify a functional polymorphism of CYP4A11 and examined its impact on predisposition to hypertension in the Tanno-Sobetsu Study. The Ϫ845A/G polymorphism was identified in the promoter region of CYP4A11 by direct sequencing. Luciferase expression driven by the promoter of CYP4A11 containing the wild-type Ϫ845GG genotype was 30% lower than expression with the variant Ϫ845AA genotype. Gel mobility shift assays with nuclear protein extracts showed specific binding to probes containing the variant Ϫ845GG. To assess the effect of CYP4A11 polymorphisms on hypertension, we also carried out a case-control study using 4 single nucleotide polymorphisms (Ϫ845A/G, Ϫ366C/T, 7119C/T, and 8590T/C) in the Tanno-Sobetsu Study. The odds ratio for hypertension in participants with the AGϩGG genotype of Ϫ845A/G was 1.42 (Pϭ0.008), and the odds ratio for hypertension of the TT genotype of 7119C/T was 1.37 (Pϭ0.037) after adjusting for confounding factors. The haplotype-based case-control analysis using 4 single nucleotide polymorphisms revealed a significant haplotype (G-C-T-T) that was significantly associated with hypertension, with an odds ratio of 1.44 (Pϭ0.006) after adjusting for confounding factors. We have identified a functional variant (Ϫ845A/G) of CYP4A11 that is significantly associated with hypertension and that appears to be a novel candidate for a predisposing factor for hypertension. 20-HETE is normally produced in renal and cerebral arterioles, 5,6 the glomerulus, and the renal tubules 7,8 and has been implicated in the regulation of contractile state, ion flux, and mitogenesis. 20-HETE is generated from arachidonic acid by CYP4A, also known as omega/omega-1 hydroxylase. 9,10 It has been reported that administration of antisense oligonucleotides to CYP4A1 reduces BP in spontaneously hypertensive rats, 11 and the expression of CYP4A is involved in early changes in eicosanoid formation and renal function in the young spontaneously hypertensive rats. 12 The Cyp4a14 gene-disrupted mice showed increases in plasma androgens, kidney Cyp4a12 expression, and the formation of prohypertensive 20-HETE, which resulted in hypertension. 13 A recent report demonstrated that CYP4A11, originally isolated from human kidney and liver cDNA libraries, 14,15 is the human homologue of mouse CYP4a14, expressed in human renal tubule and not in afferent arterioles. The report also described CYP4A11 regulation of 20-HETE. 16 Despite the potential involvement of CYP4A11 in regulating BP through 20-HETE, the exact function of the CYP4A11 gene is still unknown.
T he metabolism of arachidonic acid by cytochrome P450 (CYP) enzymes leads to the formation of various biologically active eicosanoids, such as hydroxyeicosatetraenoic acids, epoxyeicosatrienoic acids, and dihydroxyeicosatrienoic acids. [1] [2] [3] 20 -Hydroxyeicosatetraenoic acid (20-HETE) is a strong vasoconstrictor and acts as a second messenger for vasoactive peptides (angiotensin II and endothelin). Recent reports have revealed that 20-HETE plays a dual role in the regulation of blood pressure (BP) by inducing renal vasoconstriction (prohypertensive function), as well as inhibiting sodium reabsorption in tubules (antihypertensive function). 4 20-HETE is normally produced in renal and cerebral arterioles, 5, 6 the glomerulus, and the renal tubules 7, 8 and has been implicated in the regulation of contractile state, ion flux, and mitogenesis. 20-HETE is generated from arachidonic acid by CYP4A, also known as omega/omega-1 hydroxylase. 9, 10 It has been reported that administration of antisense oligonucleotides to CYP4A1 reduces BP in spontaneously hypertensive rats, 11 and the expression of CYP4A is involved in early changes in eicosanoid formation and renal function in the young spontaneously hypertensive rats. 12 The Cyp4a14 gene-disrupted mice showed increases in plasma androgens, kidney Cyp4a12 expression, and the formation of prohypertensive 20-HETE, which resulted in hypertension. 13 A recent report demonstrated that CYP4A11, originally isolated from human kidney and liver cDNA libraries, 14, 15 is the human homologue of mouse CYP4a14, expressed in human renal tubule and not in afferent arterioles. The report also described CYP4A11 regulation of 20-HETE. 16 Despite the potential involvement of CYP4A11 in regulating BP through 20-HETE, the exact function of the CYP4A11 gene is still unknown.
Genetic approaches may provide a powerful tool for clarifying the pathogenesis of essential hypertension; 17 however, a recent report of a genome-wide association study 18 failed to establish a consensus in identifying a "hypertensive gene." In contrast, several recent reports have suggested a critical role for the CYP4A11 polymorphism in predisposition to hypertension. 19 -21 Our investigation of a candidate gene for hypertension included 3 major objectives. We sought to detect a functional polymorphism of the CYP4A11 gene in Japanese people and to determine the molecular outcomes associated with the detected polymorphism in relation to hypertension. To achieve our third objective of clarifying the genetic involvement of CYP4A11 in the pathogenesis of hypertension, we carried out a case-control study within the Tanno-Sobetsu Study.
Methods

Polymorphism Identification and Genotyping
We generated primers specific for the promoter and exon regions of the CYP4A11 gene and used the primers for PCR amplifications. Four amplicons in the promoter region and 12 in the exon region were purified using ExoSAP-IT (GE Healthcare UK Ltd) and subjected to sequence analysis. Sequencing was performed using the 1.1 Big-Dye deoxy terminator cycle sequencing kit (Applied Biosystems, Inc), and analysis of sequencing reactions was carried out on the ABI Prism 3100 Genetic Analyzer (Applied Biosystems). The sequences were aligned with wild-type sequences obtained from the National Center for Biotechnology Information Web site (CYP4A11; AY369778) and examined for the presence of mutations.
Luciferase Assay
DNA fragments of the 5Ј-flanking region of the CYP4A11 gene (nucleotide positions Ϫ891 to Ϫ260), with and without the Ϫ845GG genotype, were amplified from genomic DNA by PCR. The primers used for PCR amplification contained BglII and SpeI sites (upstream; 5Ј-GAAGATCT (BglII) GGTCAGGACTCCTAAACAGAG, downstream; 5Ј-GACTAGT (SpeI) GGCAACAGTGGGAGAAA), and the PCR products were digested and fused into the luciferase reporter vector phRL-null (Promega). Normal human renal proximal tubule epithelial cells (RPTECs) were used for the luciferase assays. Transient transfections were performed with NRK-52E (Amaxa), according to the manufacturer's instructions. The promoter/luciferase reporter plasmid (5 mg) and an internal luciferase control were transfected into RPTECs, and cells were incubated for 48 hours. Cell extracts were assessed for luciferase activity using the Dual-Glo Luciferase Assay System (Promega), according to the manufacturer's protocol. The measurements were performed in a luminometer (ARVO MX, PerkinElmer) in triplicate. Firefly luciferase activity, as a measure of CYP4A11 promoter activity, was normalized against the Renilla luciferase internal control and expressed in relative activity units. The pGL3-control vector (Promega) was used as a negative control.
Electrophoretic Mobility Shift Assay
Nuclear extracts from RPTECs were prepared using the Nuclear/ Cytosol Fractionation kit (BioVision, Inc) according to the manufacturer's instructions and diluted to a final protein concentration of 1 mg/mL. The double-stranded oligonucleotides used for binding were as follows: 4A11-wt (Ϫ855 to Ϫ825), 5Ј-GTGTAATTACATACTATTGTAGGGTGAAAGA, and 4A11-mt 3) polyacrylamide gel (Invitrogen, Inc), which had been run for 5 minutes before sample loading. After electrophoresis (80 V for 60 minutes at 4°C), the gels were transferred to nylon membranes in 90 mmol/L Tris/64.6 mmol/L boric acid/2.5 mmol/L EDTA (pH 8.3) buffer (300 mA for 60 minutes at 4°C) using the NuPAGE system (Invitrogen, Inc) and cross-linked at 120 mJ/cm 2 for 3 minutes, followed by chemiluminescent detection using the CSPD working solution (Roche, Inc).
Population Study: The Tanno-Sobetsu Study
A total of 1501 participants were recruited from the Tanno-Sobetsu Study designed by the Second Department of Internal Medicine, Sapporo Medical University. The study started in 1977 with a cohort base in the northern part of Japan, Hokkaido, and the detailed epidemiological findings have been reported previously. 22 BP was measured twice in each participant while seated, after 5 minutes of rest. Hypertension was defined as systolic BP Ն140 mm Hg, diastolic BP Ն90 mm Hg, or the current use of antihypertensive agents. Normotensive (nϭ748; mean age: 57.9 years; 38.4% men) and hypertensive (nϭ753; mean age: 67.3; 39.7% men) participants were divided based on this definition. To match the 2 groups by age and sex, the participants were reduced by a random score method. The random scores were assigned to the remaining cases by multiplying age and sex by a uniform 0-to-1 random variable. A random selection with an age or sex bias was achieved by removing cases, starting with the lowest scores. This process was performed incrementally until the mean age for the 2 groups had been sufficiently matched. By the matching method, the mean age and the ratio of men in the normotensive (nϭ494) and hypertensive (nϭ495) groups were, respectively, 65.7 years and 46.96% men in the normotensive group and 65.6 years and 46.06% men in the hypertensive group (Table 1) .
All of the participants gave written informed consent to the genetic analysis and all of the other procedures associated with the study. The ethics committee of Osaka University approved the study protocol.
Genotyping
The single nucleotide polymorphism (SNP) assays for Ϫ845A/G, Ϫ366C/T, 7119C/T, and 8590T/C (described in detail in the Results section) were performed using the TaqMan PCR method. The primers and probes are shown in Table 2 . Probes were labeled with the fluorescence FAM (mutant type) or VIC (wild-type). Genotyping was performed twice with 5 ng of DNA per reaction in a total reaction volume of 10 mL on 386-well plates. The thermocycler parameters were as follows: 50°C for 2 minutes, 95°C for 10 minutes, 45 cycles of 95°C for 15 seconds, and 60°C for 60 seconds. Allelic discrimination was measured automatically on the ABI Prism HT7900 (Applied Biosystems) using the Sequence Detection System 3.1 software.
Statistical Analysis
A power analysis for this case-control study (a 1-to-1 relationship between hypertensive and normotensive subjects) showed that a sample size of 495 individuals in each group would be required to replicate these results with a power of 80% and an ␣ of 0.05 when the estimated odds ratio (OR) for the case is set at 1.42; this analysis was made using the online calculator available at the Genetic Power Calculator Web site (http://pngu.mgh.harvard. edu/ϳpurcell/gpc).
All of the continuous variables were expressed as meansϮSD. Differences in continuous variables between hypertensive and normotensive participants were analyzed using 1-way ANOVA. Differences in categorical variables were analyzed using the Fisher's exact test. The Hardy-Weinberg equilibrium was assessed by 2 analysis. The difference in CYP4A11 genotype or allele distribution between hypertensive and normotensive participants was analyzed using 2 analysis. Based on the genotype data of the genetic variations, we performed linkage disequilibrium analysis and haplotype-based case-control analysis using the expectation maximization algorithm 23 and the software Haploview 4.1 (Daly Laboratory, Broad Institute). Pairwise linkage disequilibrium analysis was performed for Ϫ845A/G, Ϫ 366C/T, 7119C/T, and 8590T/C. We used ͉DЈ͉ values of Ͼ0.5 to assign SNP locations to 1 haplotype block. SNPs with an r 2 value of Ͻ0.5 were selected as tagged, which means they were available for the haplotype. In the haplotype-based case-control analysis, haplotypes with a frequency of Ͻ0.01 were excluded. The frequency distribution of the haplotypes was calculated by 2 analysis. In addition, logistic regression analysis was performed to assess the contribution of the major risk factors. ORs were calculated as an index of the association of the CYP4A11 genotypes with the prevalence of hypertension. Gene expression and luciferase activity were compared by 2-tailed unpaired t tests. Statistical significance was established at PϽ0.05. Statistical analyses were performed using JMP software for Macintosh 5.1.1 (SAS Institute, Inc).
Results
Polymorphism Identification
We performed sequence analysis of the CYP4A11 gene and promoter region in 32 healthy human samples. Distribution of the SNPs detected in the promoter and exon regions of the CYP4A11 gene are shown in Figure 1 . Four polymorphisms in the promoter and exon regions of CYP4A11 were detected, Ϫ845A/G, Ϫ366C/T, 7119C/T, and 8590T/C, with an allelic frequency of Ͼ1%. We chose the promoter polymorphism (Ϫ845A/G) for the following experiments and functional analysis, because the frequency of the variant allele of Ϫ845A/G was much higher than that of Ϫ366C/T (27.6% and 7.0%, respectively); thus, this polymorphism was thought to have the potential to alter the transcription efficiency of the CYP4A11 gene.
Functional Analysis of the
؊845A/G Polymorphism
To determine the functional consequence of the Ϫ845A/G polymorphism in the promoter region, we constructed luciferase reporter vectors driven by the wild-type Ϫ845AA promoter (phRL-4A11wt) and mutant Ϫ845GG promoter (phRL-4A11mt) and performed luciferase assays. The results demonstrated that promoter activity of the variant Ϫ845GG promoter was significantly lower than that of the wild-type Ϫ845AA promoter (Figure 2) .
Next we used a gel mobility shift assay to assess DNA binding activity on the promoter region containing the polymorphism. Human RPTEC nuclear extracts were incubated with the digoxigenin-labeled wild-type AA genotype or variant GG genotype probes, in the absence or presence of excess of unlabeled probe (Figure 3) . Notably, we observed DNA binding activity (shifted band, Ϸ35 kDa) with the oligonucleotide containing the variant Ϫ845GG genotype but not with the wild-type AA genotype. Table 2 shows the baseline characteristics of the age-and sex-matched normotensive and hypertensive groups. Those with hypertension had higher values for systolic BP, diastolic BP, triglyceride, and blood sugar levels. We performed genotyping of the 4 SNPs (Ϫ845A/G, Ϫϭ366C/T, 7119C/T, and 8590T/C) in the Tanno-Sobetsu Study population, and the resulting genotype frequencies were not significantly different from the predicted Hardy-Weinberg expectation (data not shown).
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To determine whether an association exists between the variants and hypertension, we performed Fisher's exact tests for all 4 of the SNPs. Table 3 shows the results of the association assessments between each polymorphism and prevalence of hypertension. We identified a significant correlation between the Ϫ845A/G and 7119C/T polymorphisms and hypertension. The OR for hypertension of the AGϩGG genotype of Ϫ845A/G was 1.42 after adjustment for confounding factors (serum triglyceride level, fasting blood sugar level, and body mass index; 95% CI: 1.10 to 1.85; Pϭ0.008). The OR for hypertension of the TT genotype of 7119C/T was 1.37 after adjusting for triglyceride level, fasting blood sugar level, and body mass index (95% CI: 1.02 to 1.85; Pϭ0.037; Table 3 ). The Ϫ366C/T and 8590T/C variants showed no significant association with hypertension. Table 4 shows the linkage disequilibrium patterns for the CYP4A11 gene with ͉DЈ͉ and r 2 values. All 4 of the SNPs were located in 1 haplotype block, because all ͉DЈ͉ were Ͼ0.5. In the haplotype-based case-control study, we constructed haplotypes using these 4 SNPs, because all of the r 2 values were Ͻ0.5. In the haplotype-based case-control study, 4 haplotypes were established in the total group (Table 5 ). The frequency of the G-C-T-T form was significantly higher in the hypertensive group than in the normotensive group (Pϭ0.0093), and the A-C-C-T haplotype frequency was significantly lower in the hypertensive group than in the normotensive group (Pϭ0.0133). However, only the G-C-T-T haplotype was significantly associated with hypertension after adjusting for triglyceride level, fasting blood sugar level, and body mass index (OR: 1.44; 95% CI: 1.11 to 1.87; Pϭ0.006).
Discussion
Recent studies have attempted to clarify human CYP4A gene (for human, CYP4A11) function as a 20-HETE synthase by pursuing the potential association between CYP4A11 and hypertension. CYP4A11 is known to be highly polymorphic, expanding the possibilities for studying the mechanism of this gene, especially as a risk factor for cardiovascular diseases. 24 A product of CYP4A, 20-HETE, has been demonstrated to function in both prohypertensive and antihypertensive mechanisms. In the renal arterioles, 20-HETE may act as a strong vasoconstrictor, whereas in renal tubules, 20-HETE may attenuate sodium transport and function as a natriuretic, antihypertensive substance. Ito et al 16 reported recently that CYP4A11 is highly expressed in human renal tubules and regulates 20-HETE, which is associated with the function of renal tubules and salt-sensitive hypertension.
We directly sequenced human DNA samples and identified 4 SNPs and 1 microsatellite polymorphism. In addition to the previously reported SNPs, this study identified some other specific polymorphisms in the Japanese population. Gainer et al 19 reported that the 8590T/C polymorphism of CYP4A11 was functional, affecting the catalytic activity of the 20-HETE synthase. In that report, 8590C was associated with the prevalence of hypertension in 2 independent cohort studies. Gainer et al 19 were likely the first to demonstrate a positive association between 8590T/C and hypertension in whites as a loss-of-function variant; the Ϫ845A/G polymorphism in the promoter region was also identified, although they did not report investigating it further.
In the current study, we selected Ϫ845A/G as a representative of the SNPs, because this polymorphism is in the promoter region and occurred at a higher allele frequency, and we focused on its functional analysis. The first finding of this study is that the Ϫ845GG genotype dramatically decreased promoter activity compared with the Ϫ845AA genotype as assessed by luciferase experiments. The second finding was that the Ϫ845GG genotype mutation of this region stimulated DNA binding in a gel mobility shift assay by an unidentified protein and potential transcription factor. When this result is coupled with the results from the luciferase assay, the implication is that the Ϫ845GG binding factor could function as a transcription repressor; thus, the Ϫ845G allele may decrease transcriptional activation of CYP4A11.
Accordingly, we used the TFMATRIX Web site (http:// www.genome.jp/dbget) to determine whether the sequence including Ϫ845A/G could change the suspected transcription factor. The motif analysis extracted 1 transcription factor, cAMP-responsive element binding protein 1, which has 87% homology with the sequence including the Ϫ845G allele but 76% homology with the sequence including the Ϫ845A allele.
The third important finding of this study was the significant association between CYP4A11 gene polymorphisms and the prevalence of hypertension in a general Japanese population, warranting further investigation of the CYP4A11 gene. The Ϫ845G allele and the 7119T allele were significantly associated with hypertension even after adjustment for confounding factors, as shown in Table 3 . The haplotype analysis also showed that both alleles were associated with hypertension; however, after adjustment for confounding factors, only the G-C-T-T haplotype was significantly associated with hypertension, as shown in Table 5 . In addition, both polymorphisms are in the same haplotype block, and 7119C/T is a nonsynonymous polymorphism. Thus, Ϫ845A/G might be considered the susceptible polymorphism for essential hypertension in the Japanese population. In terms of the 8590T/C polymorphism, which has been reported as a susceptible polymorphism for hypertension, 19 the role of this SNP has been completely opposite in 2 different populations: the variant C allele is associated with hypertension in whites and some blacks; in contrast, the wild-type T allele associates with hypertension in a Japanese population from Tokyo. However, in the current study, 8590T/C is not associated with hypertension even by haplotype analysis in the Tanno-Sobetsu population. One of the reasons for this discrepancy is that the 8590T allele frequency is lower; in contrast, the Ϫ845G allele frequency is higher in Asians, including Japanese, than in whites. In the TannoSobetsu population, which is characterized by a higher rate of high-salt intake (the average salt intake is Ϸ12.6Ϯ3.6 g/d), the Ϫ845G allele might be much more associated with hypertension. In addition, the A-C-C-T and A-T-T-T haplotypes were not associated either with normotension or hypertension, and the G-C-T-T was associated with hypertension. Thus, we can conclude that there is no role for the 8590T/C SNP in hypertension in this Japanese population.
Given previous results and the results of this study, we propose the following hypothesis for the mechanism by which the Ϫ845GG genotype of CYP4A11 is involved in the etiology of hypertension. The Ϫ845G allele could result in decreased CYP4A11 expression in renal tubules compared with the wild-type Ϫ845A allele, leading to attenuated 20-HETE production. The reduced levels of 20-HETE could promote sodium reabsorption, resulting in elevated BP.
The recent report on genome-wide associations did not reveal significant associations of essential hypertension with any single marker. 18 However, a positive association between CYPA411 polymorphisms and hypertension or cardiovascular diseases has been reported, and this gene has been recognized as one of the susceptible genes of hypertension on the National Center for Biotechnology Information Web site (http://www.ncbi.nlm.nih.gov). More studies are required to elucidate further the involvement of this gene in the development of hypertension.
There are 3 limitations to address in the context of the current results. First, the effect on arachidonic acid metabolism or 20-HETE production was not well investigated. In fact, we measured urine 20-HETE levels in a healthy Japanese population, and there was no difference in 20-HETE excretion among the 3 genotypes of the Ϫ845A/G polymorphism (AA, AG, and GG), although 20-HETE excretion among those with the GG genotype had a tendency to be higher than that of the other genotypes (data not shown). Thus, some further experiments are needed to clarify the effect of this polymorphism on arachidonic acid metabolism or 20-HETE production. Second, in the current study, we investigated the positive association between Ϫ845A/G and hypertension only in 1 general Japanese population. These findings should be confirmed in other populations, and we plan further investigations in the near future. Finally, we expect to try to identify the transcription factor detected as the shifted band in the gel mobility shift assay in this study. Identifying this protein could be useful for analyzing the functional mechanism of this polymorphism in the development of hypertension.
In conclusion, this study describes a functional variant in the CYP4A11, the Ϫ845A/G polymorphism, as a new candidate polymorphism for genetic susceptibility to hypertension. Our study suggests that the Ϫ845A/G polymorphism of CYP4A11 is a novel candidate for a predisposing genetic factor for hypertension via modulation of the arachidonate cascade. *Data were adjusted for TG, FBS, and BMI.
†The P values were calculated using 2 analysis.
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